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Introduction
The water-splitting reaction of oxygen-evolving photosynthesis takes place in a multisubunit complex called PSII, which is believed to have evolved approximately 2.5 billion years ago (Raymond et al. 2004) and is embedded in the thylakoid membranes of modern cyanobacteria, algae and higher plants. It consists of almost 30 proteins ( Kashino et al. 2002a , Kashino et al. 2002b , with molecular weights ranging from 3 to 47 kDa, most of which are highly conserved in all PSII-containing organisms ( Thornton et al. 2005 ) . Surprisingly, many polypeptides of this complex (around 50%) have molecular weights of ≤10 kDa ( Shi and Schröder 2004 ) , mostly being membrane-spanning proteins consisting of a single helix. In recent years, PSII structures have been obtained by X-ray crystallography for cyanobacteria ( Zouni et al. 2001 , Kamiya and Shen 2003 , Ferreira et al. 2004 , and by electron cryomicroscopy for eukaryotes ( Rhee et al. 1998 , Nield and Barber 2006 ) , allowing identifi cation of the major subunits and locations of their transmembrane helices to be assigned. However, uncertainty remains regarding the assignment of >14 α -helices, all of which are presumably components of low molecular weight proteins ( Zouni et al. 2001 , Kamiya et al. 2003 , Ferreira et al. 2004 ). In plants, most of the low molecular weight proteins are plastid encoded, but the genes encoding two peptides (PsbX and PsbY1/Y2) are nuclear, and appear to have been transferred to the nucleus during evolution Schröder 2004 , Thornton et al. 2005 ) . In addition, three other small membrane-spanning proteins (PsbR, PsbTn and PsbW) have not been found in cyanobacteria ( Shi and Schröder 2004 ) , and the functional properties of all of the low molecular weight proteins in PSII are still unclear.
The PsbX protein consists of 38-42 amino acids, has a molecular weight of 4.0-4.2 kDa, was fi rst identifi ed in spinach ( Ikeuchi et al. 1989 ) and has since been detected in various plants and cyanobacteria ( Shi et al. 1999 , Funk 2000 . It does not seem to be present in isolated PSII reaction centers ( Shi et al. 1999 ), but it has been found to cross-link to
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Cyt b 559 ( Shi et al. 1999 ) , prompting close spatial assignment of PsbX and Cyt b 559 in crystal structures Shen 2003 , Ferreira et al. 2004 ). Deletion of psbX in the cyanobacterium Synechocystis sp. PCC 6803 in a previous study ( Funk 2000 ) led to an approximately 30% reduction in the amount of functionally active PSII centers, but no clear phenotypic changes. However, a deletion mutant of the cyanobacterium Thermosynechococcus elongatus reportedly showed growth defects under low CO 2 concentrations, and reduced oxygen evolution activity in the presence of high concentrations of artifi cial quinone acceptors, suggesting that the PsbX protein may be involved in quinone turnover at the Q B site ( Katoh and Ikeuchi 2001 ) .
No functional study of the PsbX protein in eukaryotes has been previously presented. Here, therefore, we report the generation and analysis of antisense Arabidopsis thaliana plants (AS-PsbX) with reduced (<10% of wild type) levels of PsbX protein. These plants have close to wild-type levels of light-harvesting complex (LHC) subunits, but approximately 30-40% reductions in the content of PSII complexes. In the remaining PSII complexes of the AS-PsbX plants, the phosphorylation levels of the main core phosphoproteins are severely reduced, and they display changes in LHCII phosphorylation patterns that are indicative for changes in the redox state of the thylakoid membranes.
Results

Effective antisense inhibition of the PsbX subunit of PSII in higher plants
Antisense inhibition has been shown to be an effective method for down-regulating levels of proteins expressed by specifi c genes. Here, transgenic plants were created by Agrobacterium -mediated transformation of A. thaliana ecotype Columbia (Col-0), with the construct pSJ10 ( Andersson et al. 2001 ) harboring an antisense psbX gene (Supplementary Fig. S1 ). After recovering 12 independent transformant lines that were resistant to the selective antibiotic kanamycin, we screened for the presence of T-DNA as-psbX by PCR (data not shown) and analyzed the reduced amounts of PsbX protein in their thylakoid membranes by immunoblotting. In all 12 recovered lines, the as-psbX construct was detected, indicating that they had been effectively transformed, and they all had sub-wild-type levels of the PsbX protein. For further analyses, we selected line 10, which contained the lowest (<10% of wild type) levels of PsbX protein ( Fig. 1A ) .
The PsbX antisense plants were capable of growing photoautotrophically in soil, and no differences in plant size ( Supplementary Fig. S2 ), fl owering time or dry mass between them and wild-type counterparts were observed (data not shown). However, in comparison with the wild type, the AS-PsbX plants seemed to be paler green when grown under normal greenhouse growth conditions (150 µ mol photons m −2 s −1 ). This observation was confi rmed by measurements of the Chl a / b ratios of isolated thylakoids, which were about 0.3 lower in the AS-PsbX plants ( Table 1 ), suggesting that they had lower levels of the Chl a -binding proteins, i.e. core proteins of PSII and PSI, relative to light-harvesting antennae.
The AS-PsbX plants have reduced amounts of PSII core protein
To compare the steady-state amounts of PSII proteins in wild-type and AS-PsbX plants, thylakoid membranes were isolated and their protein contents were separated by Tricine SDS-PAGE. In the low molecular mass region, one band with an apparent molecular mass of 4-5 kDa was found to be totally missing in samples from the transformants. Concomitantly with the disappearance of the band, the levels of two other unidentifi ed low molecular mass peptides appeared to be somewhat changed ( Fig. 1B ) . Therefore, we proceeded to analyze further the abundance of thylakoid membrane proteins using immunoblotting. The levels of the Chl a -binding proteins of the PSII core complex (D1, D2, CP43, PsbE, PsbW and CP47) were reduced by 30-40% in the antisense line compared with the wild type. The levels of PsbO, PsbS and antennae proteins Lhcb2 and Lhcb3 remained unchanged, as did the amount of the PSI protein PsaD, and the α -subunit of the ATP synthase ( Fig. 1A ) . Changes following reductions in levels of PsbX were restricted to the PSII core proteins. Analysis of the oxygen evolution rate using a Clark-type electrode confi rmed the reduced amount of functional PSII in AS-PsbX plants ( Table 1 , second row). Using phenyl-pbenzoquinone (PpBQ) as electron acceptor at a standard concentration of 0.5 mM, the rate of oxygen evolution per unit chlorophyll was reduced by 30-40% in the antisense plants. Similar results were obtained when other acceptors, 2,6-dimethyl-p -benzoquinone and 2,5-dichloro-p -benzoquinone, were utilized (data not shown).
The presence and relative contents of chlorophyll-protein complexes were investigated by separating and measuring detergent-solubilized thylakoid membrane complexes in sucrose density gradients. The chlorophyll-protein banding patterns obtained from thylakoid membranes solubilized with 1% n -dodecyl-β -D -maltoside (fi nal concentration) showed that levels not only of single proteins, but also of whole assembled PSII core complexes were reduced in the transformants (Supplementary Fig. S3 ). While the levels of PSI, monomeric LHCII and trimeric LHCII complexes were not altered, the band containing monomeric and dimeric PSII and LHCII-PSII supercomplexes was signifi cantly reduced in preparations from the mutant line.
The fi nding that reducing levels of PsbX infl uences the amount of PSII core complexes was further supported by the results of the 77K emission fl uorescence analysis. Wild-type and AS-PsbX plants were grown at either 80 or 150 µ mol photons m −2 s −1 for 6 weeks. Isolated thylakoid membranes were then excited at 440 nm and their emission spectra were recorded from 600 to 800 nm. Preparations from all of the AS-PsbX samples yielded signifi cantly lower 685/695 nm peaks, attributable to PSII, relative to the 730 nm peak emitted from PSI, regardless of the growth light ( Fig. 2 ) , showing a decrease in PSII fl uorescence relative to PSI fl uorescence, revealing a lower content of PSII in the AS-PsbX. 
Photochemical properties of AS-PsbX PSII complexes are impaired
In this study we used two instruments to analyze chlorophyll fl uorescence signals of AS-PsbX and wild type plants: a pulse amplitude modulated (PAM) fl uorometer and a plant efficiency analyzer (PEA). Both of these instruments provided indications that the maximum quantum yield of PSII ( F v / F m ) was signifi cantly lower in the AS-PsbX mutants (approximately 0.74) than in the wild-type plants, which had similar yields (0.81) to those previously reported, e.g. by Bjorkman and Demmig (1987) ( Table 1 , Fig. 3 ). These fi ndings suggest that the rate of conversion of absorbed light to chemical energy in PSII is reduced in plants lacking the PsbX protein.
Closer analysis of the PAM measurements revealed that the quantum yield ( Φ PSII ) was slightly decreased in AS-PbX plants in low light measurements, but their proportion of open PSII ( q P) was not changed. In addition, levels of nonphotochemical quenching (NPQ, i.e. non-radiative heat dissipation) were slightly decreased in the AS-PsbX mutants at low light intensities, but were only signifi cantly lower than wild-type levels at high light intensities (600 µ mol photons m −2 s −1 ). The traces of the PAM measurements ( Fig. 3 ) show distinct differences between the wild-type and AS-PsbX mutant lines. Notably, the fl uorescence yield in the absence of actinic light ( F 0 ) is higher in the mutant, probably explaining the reduced F v / F m ratio. After turning on actinic light, the fl uorescence in the AS-PsbX mutants is quenched more rapidly (Kautsky effect) and initially the level of the steady-state fl uorescence yield in the light ( F T ) falls below the dark-adapted F 0 . The PSII effi ciency in the AS-PsbX mutant is thus lower, and the heat dissipation is decreased, despite the presence of all antenna proteins (see Fig. 1 ).
Traces of the rapid, polyphasic Chl a fl uorescence kinetics obtained from leaves of wild-type and AS-PsbX plants provided indications of signifi cant differences in PSII primary photochemistry between them. Notably, quenching of the variable fl uorescence at the J and I steps was observed in traces obtained from AS-PsbX, relative to wild-type plants, indicating that less Q A − Q B −2 accumulated in them at the P transient ( Fig. 4 ) . It has been previously proposed that the J-I transition is dependent on the charge distribution between the water-splitting system and the primary (Q A ) and secondary (Q B ) electron acceptors of PSII ( Hsu 1993 ) . Therefore, the decrease in fl uorescence yield at the J transient indicates that the transformants have a smaller pool of active PSII reaction centers capable of inducing charge separation and electron transport through PSII. This interpretation is consistent with the observed changes in fl uorescence parameters showing that the AS-PsbX mutants have lower quantum yields at the P transient ( Φ P o ) and lower transfer effi ciency of absorbed light energy from Chl a antennae to the PSII reaction center, as manifested in an increase of the parameter ABS/RC from 2.8 in wild-type to 3.6 in AS-PsbX leaves ( Table 2 ). The M o parameter was also higher for ASPsbX mutants, providing additional evidence for inhibition of the water-splitting system. Furthermore, the fl uorescence yield of the AS-PsbX mutant showed a quenching effect at the I-P transition, indicating that the plastoquinone pool is in a more oxidized state ( Fig. 4 ) . Recently, it was shown that quenching of the I-P transition in dark-adapted leaves is related to PSI electron transport ( Schansker et al. 2005 ) . Therefore, we assume that the PSII electron transport in the AS-PsbX mutant is infl uenced by the rate of plastoquinone pool reoxidation, which depends on electron transfer via PSI. This change in fl uorescence at the I-P transition is consistent 
PSII turnover is not affected by the reduced amount of PsbX
To assess the possibility that the reduced amounts of PSII core proteins in the transformants were due to an imbalance in D1 synthesis and degradation as a result of photoinhibition, the maximum effi ciency of PSII ( F v / F m ) was monitored in leaves of wild-type and AS-PsbX plants grown under normal light and treated with high light (800 µ mol photons m −2 s −1 ) for 140 min. In unstressed plants, the F v / F m ratio is generally about 0.8 ( Bjorkman and Demmig 1987 ) . During high light treatment, the PSII effi ciency decreased from 0.81 to 0.7 in wild-type plants, indicating photoinhibitory stress in these plants. In contrast, in AS-PsbX plants, the F v / F m ratio was 0.74 even in unstressed conditions, and it dropped to 0.65 following the high light treatment ( Fig. 5 ) . The kinetics of photoinhibition appeared to be very similar in wildtype and antisense lines, but the reduction of PsbX levels in the latter appears to induce a stressed state in PSII, even in normal growth conditions. In the presence of lincomycin (which inhibits synthesis of new plastid-encoded proteins, e.g. D1), PSII effi ciency is strongly reduced, as manifested by an F v / F m ratio of 0.35. The slope of the AS-PsbX fl uorescence curve resembles that of the wild-type curve, and the efficiency of PSII in these plants drops from 0.74 to 0.3. After the 140 min high light treatment, the plants were placed in low light (10 µ mol photons m −2 s −1 ) to monitor their recovery. Again, both wild-type and antisense plants showed similar degrees of fl uorescence recovery, the AS-PsbX line consistently exhibiting a F v / F m ratio 0.1 lower than the wild type. Taken together, these fi ndings suggest that PSII repair was not affected by the reduced amount of PsbX.
PSII complexes in AS-PsbX plants show destabilized charge separation
To examine the possibility that PsbX plays a role in stabilizing the donor side of PSII, we measured fl ash-induced oxygen evolution of wild-type and AS-PsbX thylakoids using a Joliot-type electrode ( Joliot 1972 ) . No signifi cant differences in the oxygen evolution patterns were observed between the samples, except that minor delays in the fl ash patterns of the AS-PsbX samples were noted (data not shown). Thus, reduced levels of PsbX do not appear to affect the donor side of PSII, and the assembled PSII complexes are presumably active and have a functional water-splitting manganese cluster.
Thermoluminescence (TL) analysis was then used to explore possible differences at the acceptor side of PSII in antisense and wild-type plants. In photosynthetic material, TL occurs due to the thermally activated recombination of electrons trapped on the acceptor side with positive charges stored in the water-splitting complex of PSII (for a review, see Sane 2004 ) . The peak temperature of a component is indicative of the energetic stability of a separated charge pair. As a general rule, the higher the peak temperature the greater the stabilization, while the intensity of the luminescence is proportional to the amount of recombining charges and can also be affected by the pathway of charge recombination. In dark-adapted thylakoids or PSII-enriched membranes, illumination with a single fl ash results in a single TL band at approximately 30°C, called the B band, which arises from the recombination of the S 2 Q B − charge pair. If electron transfer is blocked between Q A and Q B by addition of the herbicide DCMU, S 2 Q A − becomes the main recombining species, resulting in the major TL component being at around 5-15°C, called the Q band. The position of the B band in the AS-PsbX mutant was 2-5° lower than in the wild type, which generally indicates lower activation energy for the S 2 Q B − recombination. The difference was more pronounced in thylakoids from plants grown in normal light ( Table 3 ). The Q band, representing the S 2 Q A − charge pair, also appeared slightly shifted to lower temperatures in a similar manner, although this minor shift was not statistically signifi cant. The downshift of the B band peak position observed in the wild type at low light may be due to lower Q B − protonation rates under suboptimal light intensities, resulting in back electron fl ow and charge recombinations within PSII, which can also cause PSII damage ( Keren et al. 1997 , Szilárd et al. 2002 . In the mutant plants, the altered PSII may favor charge recombinations due to a structural irregularity, hence its B band position remains low at both normal and low light conditions. On the other hand, as the Q band seems also to be slightly downshifted in the mutant ( Table 3 ) , the absence of PsbX may affect the overall stability of PSII, hence destabilizing charge separation in a complex manner.
The amplitude of the TL bands also appears lower in the mutant ( Fig. 6 ), which is in accord with the lower estimated amounts of functional PSII. Additionally, the structural destabilization may also affect the ratio of the radiative and non-radiative energy dissipation pathways within PSII, resulting in less light emitted in the mutant and possibly affecting light level acclimation properties of PSII (for a review, see Ivanov et al. 2003 ) .
AS-PsbX plants reveal changes in PSII core and LHCII phosphorylation
The phosphorylation state of the thylakoid membrane proteins was determined by applying polyclonal antiphosphothreonine antibodies (Cell Signaling Technology, Inc., MA, U.S.A.) to preparations of thylakoid membranes isolated from leaves of 4-to 5-week-old plants that had been dark adapted or light treated (100 or 500 µ mol photons m −2 s −1 ) for 20 min ( Fig. 7 ) . Notably, phosphorylation of the main reaction core phosphoproteins CP43, D2 and D1 was strongly decreased in the AS-PsbX mutant, and phosphorylation of PsbH was not detectable at all. In addition, phosphorylation levels of the antenna proteins (LHCII) were slightly lower than wild-type levels in dark-adapted thylakoid membranes of the mutant plants, and they declined further in the mutants following the light treatment. These changes in phosphorylation patterns are opposite to those observed in dark-adapted wild-type plants, indicating that the redox states of the plastoquinone pools in dark-adapted wild-type and AS-PsbX plants are signifi cantly different.
Discussion
Oxygenic photosynthetic systems, which reduce carbon dioxide using water as an electron donor, are believed to have evolved from anoxygenic photosynthesis systems in primordial cyanobacteria. During this process, the reaction center underwent many changes, including remarkable increases in the numbers (and complexity) of proteins involved, which rose from three or four subunits in the anoxygenic reaction center to >30 subunits in oxygenic PSII 
Grown in low light
33.7 ± 1.1 13.9 ± 1.1 31.8 ± 1.2 13.6 ± 1.0 Grown in normal light 37.3 ± 0.7 13.3 ± 0.9 32.8 ± 1.2 11.4 ± 0.9
Numbers represent averages of 5-7 independent measurements (±SE). The S 2 Q A − peaks were generated by addition of 20 µ M DCMU. Growth light intensities are indicated as in Table 1 . (Raymond et al. 2004 ). This higher complexity was probably required to protect the organisms from the highly toxic oxygen produced in the photosynthetic processes (for a review, see Raymond et al. 2004 ) and/or to allow them to be more precisely regulated. The evolutionary sources of most of these proteins are enigmatic, although gene duplication events are likely to have played key roles in PSII's increase in complexity. Homologies to proteins of anoxygenic bacteria can be observed in the PSII core subunits D1 and D2, CP43 and CP47, PsbE and PsbF, as well as in the intragenic duplication of PsbY-1 and PsbY-2. PSII is highly enriched in small membranespanning proteins, including 14 (more than half of the total complement of proteins) that have a single transmembranespanning helix Schröder 2004 , Kern et al. 2005 ) .
PsbX has been shown to be not essential for photoautotrophic growth of cyanobacteria ( Funk 2000 , Katoh and Ikeuchi 2001 ) , and we show here that this is also the case in A. thaliana ; at least Arabidopsis plants with highly reduced amounts of PsbX are viable. To elucidate its function in higher plants, we characterized plants expressing the PsbX gene in the antisense orientation using biochemical, spectroscopic and fl uorimetric approaches. The results show that PsbX is partly dispensable for the proper assembly and functioning of the core complex, but the complexes are less stable without it. The absence of clear phenotypic deviations in the AS-PsbX line is not unusual; single knock-outs of many other PSII subunits do not result in clear phenotypic changes under normal growth conditions either (for some recent examples, see Shi et al 2000 , Swiatek et al. 2001 , Swiatek et al. 2003 , Schwenkert et al. 2006 , Suorsa et al. 2006 , Allahverdieva et al. 2007 , Umate et al. 2007 .
Our data highlight three major differences in the PsbX antisense plants compared with their wild-type counterparts: (i) the phosphorylation level of their core PSII proteins is severely decreased; (ii) their LHCII phosphorylation patterns are indicative of changes in the redox state of their thylakoid membranes; and (iii) the deletion of the PsbX subunit showed a decrease of 30-40% in oxygen evolution, which correlates with the decrease of PSII complexes in the mutant.
PSII core phosphorylation has been reported to be performed mainly by the protein kinase STN8 in Arabidopsis, whereas LHCII is phosphorylated by STN7 ( Bellafi ore et al. 2005 , Bonardi et al. 2005 , Vainonen et al. 2005 . LHCII phosphorylation has been intensively studied; it is known to be associated with the relocation of LHCII between PSII and PSI, and thus is involved in the redistribution of excitation energy between photosystems (state transitions). In comparisons of leaves adapted to darkness, normal light and high light, we found LHCII to be more strongly phosphorylated in darkness than following light treatment in AS-PsbX leaves, and the opposite pattern in wild-type leaves. These fi ndings indicate that the plastoquinone pool is more reduced in dark-adapted than in light-treated AS-PsbX plants. The physiological function of the phosphorylation of PSII core proteins remains unclear. It has been postulated to be important for protease recognition during turnover ( Aro et al. 1992 ), but no clear differences have been found in leaves of Arabidopsis plants carrying a T-DNA mutation in the gene encoding protein kinase STN8 and wild-type plants during either photoinhibition under high light or subsequent recovery in low light ( Bonardi et al. 2005 ). In the AS-PsbX plants, we observed severe reductions in the phosphorylation of the main PSII core phosphoproteins D1, D2 and CP43, and no phosphoPsbH was detected at all. Such alterations in phosphorylation patterns of the core proteins are not exclusive to the AS-PsbX mutant, since similar changes have been observed in higher plants carrying mutations in genes encoding other low molecular weight PSII proteins (e.g. PsbI, PsbM and PsbR; see Suorsa et al. 2005 , Schwenkert et al. 2006 , Umate et al. 2007 . Notably, the lack of phosphorylation of the core complex subunits does not appear to increase light sensitivity or PSII turnover under high light in the AS-PsbX plants, in accordance with previous results ( Bonardi et al. 2005 ) . Although the functional relevance of PSII phosphorylation remains unknown, PSII must probably be in a native conformation to allow appropriate interactions with the kinase(s) responsible for its phosphorylation, and thus removal of PsbX hinders this process.
Our results also show that PsbH is not detectably phosphorylated in samples from AS-PsbX plants, suggesting that PsbH and PsbX may have adjacent locations. Taking our ( Shi et al. 1999 , Buechel et al. 2001 , and the fi nding that association of the PsbX subunit is prevented in a PsbH mutant of T. elongatus ( Iwai et al. 2006 ) , we suggest that the PsbX protein is at position X3 rather than X1 in the structure presented by Loll and co-workers (2005) . Such a position has also been suggested earlier by Ferreira et al. (2004) for cyanobacterial PsbX. This conclusion is further strengthened by the recent fi nding that the X2 helix is attributed to the PsbY proteins ( Kawakami et al. 2007 ) . A close inspection of neither the silver-stained SDS-PAGE of PSII ( Fig. 1B ) nor any of the 10 Western analyzed proteins of PSII ( Fig. 1A ) revealed any up-regulated proteins that may substitute for the function of the missing PsbX protein.
Thus our data do not support the possibility that another small protein may substitute for the function of the PsbX in the mutated line. Nevertheless, the functionality of their PSII core complexes does not seem to be highly affected. Our observations of reductions in the mutant's oxygen evolution yields, F v / F m ratios, Φ PSII and NPQ rates may be explained by lower amounts of PSII core proteins relative to the antenna proteins in the mutants. A lower amount of functional PSII is also likely to lead to weaker acidifi cation of the thylakoid lumen, with consequent effects on the NPQ processes following actinic light treatment. More active oxidation of the plastoquinine pool due to a higher relative amount of active PSI could lead to the faster quenching observed by Kautsky kinetics in the AS-PsbX plants.
The lower amount of PSII macrocomplexes in the ASPsbX plants was indeed confi rmed using several techniques, including immunodetection, sucrose gradient centrifugation, low temperature fl uorescence emission analysis and oxygen evolution measurements. This may be due to slight changes in the integrity and thus stability of the PSII core, which is supported by the reduced accumulation and easier recombination of separated charges observed by TL. The lower abundance of additional low molecular weight proteins ( Fig. 1A ) is consistent with the fi ndings that levels of PSII core proteins are reduced in the AS-PsbX line, but not those of the light-harvesting proteins. Since PsbX levels are about 90% lower while amounts of PSII core complexes are only 30-40% lower than in wild-type plants, most of the assembled PSII core complexes are presumably depleted of PsbX; the possibility that one PsbX protein is shared by two or more PSII complexes is less consistent with the crystal structure of prokaryotic PSII obtained at 3.2 Å resolution .
Taken together, our results show that PsbX is not essential for autotrophic growth in Arabidopsis under 'normal' growth conditions, despite the fact that both PSII assembly and function seem to be affected in a characteristic way.
The considerable decrease in the amounts of functional PSII in comparison with PSI in AS-PsbX plants is probably caused by the destabilization of the PSII core. This may lead to weaker trans-thylakoid proton gradients, and consequent reductions in NPQ. In addition, changes in the redox state of the thylakoid membranes may affect the phosphorylation of the main PSII phosphoproteins.
Materials and Methods
Construction of the psbX antisense transgenic plants
To generate the psbX antisense plasmid, Arabidopsis expressed sequence tag (EST) clone 109H9, harboring a fulllength psbX cDNA, obtained from the Arabidopsis Biological Resource Center, was amplifi ed by PCR with the following specifi c primers: forward 5 ′ TCG TCG ACA AGA GAT GGC TTC TAC CTC 3 ′ and reverse 5 ′ GTG AAT TCA AAG TTG GAG ACG CCG AC 3 ′ . Internal restriction sites for Sal I and Eco RI were designed to facilitate correct antisense cloning in the plant expression vector pSJ10 after double restriction, as outlined in Andersson et al. (2001) . Confi rmation that the inserts were correctly oriented was acquired by sequencing the vector-insert junctions.
Wild-type A. thaliana Col-0 plants were transformed by the fl oral dip infi ltration method using Agrobacterium tumefaciens according to Clough and Bent (1998) . Seeds of the treated plants were plated on Murashige and Skoog medium containing 50 µ g ml −1 kanamycin solidifi ed in 0.8% agar to allow resistant, AS-PsbX, plants to germinate and grow. After transfer to soil, the PsbX DNA and protein levels of sampled leaves of the resulting plants were examined by PCR and immunoblotting analyses, respectively, to assess the effi ciency of the antisense inhibition, and plants showing evidence of high levels of inhibition were allowed to selfpollinate. Kanamycin-resistant individuals from the T 2 and T 3 generations were used for further experiments.
Growth conditions
AS-PsbX and wild-type A. thaliana Col-0 plants were grown in a greenhouse under 8 h photoperiods with light intensities of 80 ± 20 µ mol photons m −2 s −1 (low growth light) or 150 ± 20 µ mol photons m −2 s −1 (normal growth light), at temperatures between 20 and 25°C.
Isolation of thylakoid membranes and analysis of their chlorophyll concentrations
In all analyses in which thylakoid membranes of wild-type or AS-PsbX plants were used in this study they were prepared according to Shi et al. (2000) , and their chlorophyll concentrations were measured following extraction in 80% acetone according to Porra et al. (1989) . In addition, buffers used to isolate thylakoid membranes for phosphorylation experiments were supplemented with 20 mM sodium fl uoride (fi nal concentration).
SDS-PAGE and immunoblotting
The total protein contents of samples of the thylakoid membrane preparations were examined by separating the proteins either by Tricine SDS-PAGE ( Schägger and von Jagow 1987 ) , which affords good resolution of proteins with molecular weights <10 kDa, or by standard SDS-Tris-glycine-PAGE (Laemmli et al. 1970) . The amount of protein loaded was equivalent to 0.05-1.0 µ g of chlorophyll depending on the protein abundance in the thylakoid membranes. The various proteins were quantifi ed by transferring the separated proteins to a polyvinylidene difl uoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA), incubating them with polyclonal antisera provided by AgriSera AB (Vännas, Sweden) and visualized using an enhanced chemiluminescence (ECL) detection system (GE Healthcare, Uppsala, Sweden). Gels were also stained with silver nitrate according to Wray et al. (1981) . In addition, thylakoid proteins from intact leaves that had been dark adapted or illuminated with either 100 or 500 µ mol photons m −2 s −1 light for 20 min then frozen in liquid nitrogen were resolved by 12% 1 M urea-SDS-Trisglycine-PAGE, transferred to a nitrocellulose membrane (Immobilon-NC, Millipore, Nödinge, Sweden) and probed using polyclonal anti-phosphothreonine antibodies (Cell Signaling Technology) to examine their phosphorylation patterns ( Rintamäki et al. 1997 ) . Quantifi cation of immunoblot signals for the extent of the antisense inhibition of the PsbX protein in different isolated transgenic plants was carried out densitometrically by using Scion image software (Beta 4.0.2).
Separation of thylakoid membrane complexes by sucrose gradient centrifugation
Samples of the thylakoid membrane preparations were solubilized with 1% n -dodecyl-β -D -maltoside (fi nal concentration) for 30 min and centrifuged at 13,500× g for 5 min to eliminate unsolubilized material. Portions of the preparations containing 200 µ g of chlorophyll were then loaded onto a sucrose gradient created by freeze-thawing a solution of 25 mM MES (pH 6.5), 0.5 M sucrose, 10 mM NaCl, 5 mM CaCl 2 , 0.03% n -dodecyl-β -D -maltoside, and ultracentrifuged at 150,000× g for 16 h at 4°C using a Beckman SW41 swing-out rotor.
Spectroscopic analyses
Chl a fl uorescence parameters of intact leaves of wildtype and AS-PsbX plants grown for 6 weeks in growth light conditions were measured with a PAM 101/103 fl uorometer (H. Walz, Effeltrich, Germany), then commonly used photochemical and non-photochemical quenching parameters were calculated as described in Maxwell et al. (2000) .
To evaluate PSII activities, the typically used parameter F v / F m was measured in time course experiments using detached leaves from wild-type and AS-PsbX plants treated with 1.25 mM lincomycin (fi nal concentration), and untreated controls, as follows. The leaves were placed in Petri dishes under a transparent water bath connected to a cooling system to avoid excessive warming. They were then dark adapted for 15 min, exposed to high light (800 µ mol photons m −2 s −1 ) for 2 h and allowed to recover in low light (10 µ mol photons m −2 s −1 ) for 4 h, while fl uorescence measurements were taken with a portable PAM 201 fl uorometer (H. Walz, Effeltrich, Germany).
Differences in chlorophyll fl uorescence emissions from thylakoid preparations (10 µ g total chlorophyll) isolated from wild-type and AS-PsbX plants at low temperature (77K) were also measured, as follows. The preparations were placed in 2 ml Eppendorf tubes and dark adapted for 15 min, after which the tubes were frozen in liquid N 2 and connected fi beroptically to a FluoroMax-2 spectrofl uorometer (Jobin Ivon-Spex Instruments, Longjumean, France). Chlorophyll fl uorescence was then excited at 440 nm, and corrected fl uorescence spectra were recorded from 600 to 800 nm, with 4 nm excitation and measuring slits.
Rapid fl uorescence induction (OJIP) kinetics
Wild-type and AS-PsbX plants grown for 5 weeks in growth light conditions were adapted to darkness for 15 min to ensure that their PSII complexes were in a steady, oxidized state ( Horton and Hague 1988 ) . A Handy Plant Effi ciency Analyser (PEA) fl uorometer (Hansatech Ltd, King's Lynn, Norfolk, UK) was then used to measure the rapid, polyphasic Chl a fl uorescence (OJIP) kinetics during a saturating, 10 s, 2,500 µ mol photons m −2 s −1 fl ash of light provided by an array of six light-emitting diodes with maximum emission at 650 nm. The fl uorescence induction curves were plotted on a logarithmic time scale to visualize the transitions, which were then analyzed according to as described below.
The maximal fl uorescence yield, F m (when the plastoquinone pool is maximally reduced), was determined from the yield at P, while the yield at 50 µ s ( F 50 µ s ) was considered to be equivalent to F 0 , which provides an indication of the energy dissipated from antenna pigments rather than participating in PSII's primary photochemical act. The variable fl uorescence, refl ecting the energy involved in PSII's primary photochemical act and the redox state of the plastoquinone pool, was evaluated as F m -F 50 µ s . The ratio M o , defi ned as ( F 300 µ s -F 50 µ s )/[( F m -F 50 µ s ) × 0.25], was also measured since, according to , an increase in fl uorescence yield at 300 µ s is indicative of inhibition of the water-splitting system. Another parameter obtained was V J , i.e. the ratio between the variable fl uorescence yield at the J transient (which is dependent on the reduction state of the PSII primary electron acceptor, Q A ) and the maximum variable fl uorescence yield, from the equation V J = ( F 2ms -F 50 µ s )/( F m -F 50 µ s ). This parameter has been used as an indicator of the effi ciency of primary PSII photochemistry . The quantum yield at the P transient (which indicates PSII effi ciency in reducing the plastoquinone pool; Strasser et al. 2000 ) was also evaluated as Φ P o = ( F m -F 50 µ s )/ F m . Finally, the parameter proposed by Strasser et al. (2000) indicating the transfer efficiency of absorbed light energy from Chl a antennae (ABS) to the PSII reaction center (RC) was calculated from ABS/ RC = (M o /V J )/ Φ P o .
Thermoluminescence
Measurements of thylakoid preparations from the AS-PsbX and wild-type plants were performed as described by Sane et al. (2002) . Briefl y, after dark adaptation for 20 min at 20°C, 250 µ l portions of concentrated thylakoid suspension [1 (mg Chl) ml −1 ] were placed on 2 cm 2 glass fi ber fi lters (Whatman) and cooled to 0°C. Charge separation was then achieved by a saturating single turnover fl ash (2.5 µ s half bandwidth) and then the preparations were immediately frozen in liquid N 2 . When measuring the Q A − -related recombination, 20 µ M DCMU was applied to samples before their transfer to the fi lters. Glow curves were obtained by heating the samples at a rate of 0.6°C s −1 , and the recombination species were characterized according to the nomenclature of Vass and Govindjee (1996) .
Oxygen evolution measurements
The oxygen evolution activity of PSII preparations was measured in reaction medium containing 0.1 M sorbitol, 5 mM MgCl 2 , 15 mM NaCl and 50 mM HEPES (pH 7.6) with the artifi cial electron acceptors, PpBQ and ferrocyanide (FeCy) at fi nal concentrations of 0.5 and 3 mM, respectively, at 20°C under saturating light using a Clark-type electrode (Hansatech). Flash-induced oxygen oscillation patterns were also measured, as in Shi et al. (2000) , using a modifi ed Joliot-type electrode at 20°C, as described by Schröder and Åkerlund (1986) .
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